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ABSTRACT

The effectiveness of 0.15 percent by volume of ethylene giycol
monomethyl ether (EGME) as an anti-carburetor-icing fuel additive
vas investigated inflight usiny a PA-23 airplanecquipped with 0-320-A
engines. The test fuel vas fed to one engine, und the other used stock
aviation gasaline as a cantrol., The results of this testing show that
EGME is quite effective in preventing carburetor ice in cruise. Both
the maximum severity of icing and the range of envirommental conditions
conducive to its formation were reduced.

During descents, the results were not so clear-~cut. While the
average rate of carburetar ice farmation was reduced, there are certain
conditions of temperature and dev point which appear to enhance the
fofmation of carburetor ice during landing approaches.

Based on these results, it appears that EGME can be quite useful
in preventing carburetor ice accidents during cruise and higher power

setting flight phases. If questions concerning the long term use of

“the additive in aero engines and the apparent increased icing rato in

descents can be satisfactorilly resnlved, then EGME should be added to
aviation gasoline oh & routine basis.
Because of mixing problems, the use of serosol spray cans is not

recommended as a meansa of adding EGME to fuel.,
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PREFACE

This report documents the results of a flight test program to

evaluate the effectiveness of ethylene glycol monamethyl ether (EGME)

as an anti-carburetor-icing fuel additive. The support for the testing

way provided by the Federal Aviation Administration under contract num- o

bor DOT-FA78WA-4165. Mr. J. E. Davis was the Contracting Officer. -

Mr. C. R. Ritter acted as Technical Officer, succeeding Mr. W. T. West- b

. field. ; 1
% . The Principal Investigator for the program was Mr. Richard L. Newman, :
. I
o vho also acted as Project Pilot. Copilots for the testing were Mr. Jack co
i A ! 7 ]I1
ke Crouch, Ms. Caroline Snell, and Mr., Terry Lutz. !
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INTRODUCTION

Background

For the past scverai years, carburetor ice formation has been one
of the primarycauscs of engine failure in general aviation airplanes.
Corburetor ice is caused by the cooling of moist air within the carbu-
retor and disrupts the flow of fuel and air to the engine. A 1977
report to the FAA(L)* examined the accident records of the NTSB and con-
cluded that carburotor ice causes approximately 140 accidents per year
within the US. Of these accidents, only half are identified as having
been so caused.

This same report reviewed the state-of-the-art in carburetor ice
praevention/elimination and recommended a flight test program as part of
an overall effort to reduce the impact of carburetor ice on the general
aviation fleet, The present paper is a summary of the results of such a
flight test,

Before describing the results, some introductory paragraphs nfe
nocouéury to acquaint the reader with the state-of-the-art. For a
compleie summary, the report previously cited is recommended and has
an extensive bibliography.

Accident Statietics. Ouring the period 1969 to 1975, the NTSB files

produced a list of 468 accidents vhere the probable cause wvas officially
listed as "6ng1na failure -- carburetor/induction system icing.”" This
includes 421 ancidents to single-engine airplenes, 31 to multi-engine
airplanes, and 16 to helicopters and autogyros. These accidents pro-
duted 44' fetalities, 202 serious injuries, and destroyed 75 aircraft.

In eddition to thene accidents, where carburetor ice has besn reported,

*  Underlined numbers in parenthepes denote references at the ond of
the report.
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there are approximately 180 accidents per year caused by engine failure
where the specific cause of the engine failure could not be determined.
It has been suggested elsewhere (2) that a large proportion of these
accidents might be caused by carburetor ice. A reviev of a sample of
such reports has confirmed this supposition. Reference (1) estimates
that the official number of carburetor ice accidents is low by a

factor of about 100 percent. An annual vost of two million

dollars per year was assigned to the carburetor ice accidents, This
figure is equivalent to 7.2¢ per flight hour.

Previous Carburetor Ice Studies. For the most part, today's state-

of-the-art in carburetor ice design and prevention stems from the NACA
work of the 1940s, A 1949 NACA report (3) serves as the design guide
for light airplane ice protection todsy. However, two major develop-
ments since that time have patential bearing on the carburetor ice
problem. These are the application of anti-icing fuel additives or
carburetorlcoatinga and the development of carburetor ice detection
equipment, l
In the late 1960s, Gardner and Moon (4) reported on dynamometer tests

with a variety of fuel additives in an attempt to find a soluticn for
carburetor ice. These tests vere all perfﬁrnnd using an automotive
engine equipped with a typical updraft aviation carburetor. The
environmental conditions were those equivalent to 40 deéree ai; and
nearly 100% saturation. Vhe two most effective fual additiyqalﬁora
hexylene glycol and ethylene glycol monomethyl ether (EGME). While
hexylene glycol reduced the formation of carburetor ice more at the
optimum concentration, EGME wes much less sensitive to concentration
variastions. Accordingly, Gardner and Moon recommended that EGME be,
added to aviation fuel in the proportion of 0.15%(by valume)., . ..

. Gardner and Moon miso investigated the effect of applying slippery

costings to the cerburetor surfaces. They used several proprietery
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(R)

carburetor detergents and a Teflon spray. These produced a slip-
pery coating to which the ice would not adhere. They concluded that
the combination of slippery coatings and EGME would eliminate carbu-
retor ice as a problem. As a result of their recommendation, EGME
may be added to aviation gasoline in Canada on an optional basis.
However, there have been no reports of its use in flight since the
dynamometer tesis were run in the 1960s.

[GME has been approved for addition to the fuel by the engine manu-
facturers and by two airframe companies (Piper and Aero Commander).

It must be pointed out that EGME is quite soluble in water. This
property ensures that the EGME will be absorbed into the condensing
moisture within the carburetor. However, this tendency may influence
the long term storage prublems which should be investigated before
routine addition to aviation gasoline becomes common.*

Also marketed within the past few years have been a variety of
carburetor ice detectors. While no independent assessment of these
dutectors far reliability and effectiveness has been made, they do

hold the promise of enhancing the pilot's ability to detect the onset

of carburetor ice.

Description of Carburetor Icing. There are three types of carburetor

or induction system icing: impact icing, throttle icing, and fuel vapor-
ization icing. Impact icing is formed by moisture laden air striking
elements of the intake system at temperatures slightly below freezing.
It is very similar to airframe icing and forms in much the same condi-
tions. Prevention of impact icing is beyond the scope of this report.

The second type of induction system icihg, throttle icing, occurs
vhen moisture in the air condenses and freezes because of cooling

as the air passes through restrictions, such as throttle butterflies,

EGME is added to all military turbine fuels with no reported storage
problems, so this concern may be overplayed.

\]5 \ ﬂ&
wf




inlet guide vanes, or venturis. The acceleration of the air pro-

duces a pressure drop which in turn results in a temperature drop.
| The temperature drop can approach thirty degrees F in a carburetor
venturi.

Fuel vaporizetion icing is caused by the cooling resulting from
evaporation of the fuel within the carburetor. As any liquid evap- .
. orates, a certain amount of heat must be extracted from the surroun-

dings. In a gasoline engine carburetor, the average cooling (based

on a stoichiometric mixture) gili be 9pproximately 37 F. The total

cooling in a venturi carburetor, vé_p'orization plus throttling, can

be as much as 70 F, according to Coles et al.(3). Because of the

additive effect of vaporiz;tion andtﬁrottlﬁng cooling, vaporization
v icing is especially serious in venturi carburetors.

According to Coles (5), the critical factors for ice formation
are carburetor inlet temperature,'humidity, and throttle angle. He
b did not find that fuel temperature or the amount of excess free

water was significant. Figure 1, adapted from Coles' report, shows

the regions of sgerious ice formetion (in terms of temperature and

dewv point) for a venturi carburetor at several power settings.

Operating variables vhich affect the formation of carburetor ice

include throttle setrings, mixture aettinga, and the use or non-use
: of carburetor heat. As we have diacusaed. powar settings requiring
' amall throttle openings tend tc be more susceptible to ice formation.

It would seem that flight at high altitudes would have a reduced

tendency to icing becsuse of the la_r_ge throttle open;nga required. |
Coles and his co-workera (3) state that the mixture has a negli-

gible effect on the formation of ice because not all of the fuel is

W evaporated within the carburetor st the lemest possible ssttings. Thoy

;)’L not.!.cud no t;unpornture chango vithln thc carburutor as thn uxtura ves

Ll . -m-mm from these leansst ~sebtings. This is-in conflict: with

el s i S A 2 s
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Diblin (é), who says that the mixture ratio can have a very signifi-
cant effect on the rate of carburetor ice formation.

Conclusions Reached in Earlier Report

In the earlier report on carburetor ice (1), several conclusions
vere reached concerning steps that should be taken to reduce the
number of carburetor ice accidents. A three-fold progr.w was
recommended .

Fuel Additive Study. The most promising single solution cited

vas the fuel additive work begun by the Canadians Gardner and Moon (4).
Their primary recommendation wvas to add.0.15% (by volume) of EGﬁE to
aviation gasoline. Secnndary ?ecommendgtions included the further
addition of carburetor detéigeﬁts;o; the use of a Teflon(R) coating
on carburetor parts to minimize adhesion of the ice. Several
developmental tests were recommended to validate Gardner and Moon's
conclusions: f
1. Condutt further testing to ensure that EGME !
vill be effective at temperature and humidity ;
conditions beyond those already tested (40 F ;
and nearly saturated air); ]
2. Extend the tests of EGME to determine if the addi- ‘
tive will remain effective at reduced concentrations; i
3. Perform en in-flight validation of EGME in a typical '
general aviation airplane;
4, Conduct a long term study to ensure that EGME will
not prove harmful to the engine over a long period
of uee; and . | L
5. ODetermine the extent of the storege problem, if any,
if EGME is added to avistion gasoline at the refinery

or distribution center.
Additional teste were recommenced to validate the conclusions of
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Gardner and Moon regarding the carburetor detergents.

Education Program. The caerburetnr ice report also suggested a

program to fill several serious holes in carburetor ice awareness
among pilots, aircraftmanufacturers, and aircraft accident investiga-
tors. It recommended preparing a pilot-oriented paper for wide
distribution, discussing carburetor ice, its effect, and the pilot
techniques available to cope with it. A second recommendation was

to develop, in caoncert with the manufacturers, a set of consistent
operating procedures which would be both effective and appropriate
for the various aircraft/éngine combinations. A final recommendation
proposed a training syilabus to ensbra that FAA and NTSB accident
investigators ere fully awvare of carburetor ice and the techniques
for detecting it after an accident. This would, it was hoped, reduce the
number of accidents that are mis-classified as "engine failure -- un-

determined cause.”

" Additional Research. The report also recommended that carburetor

ice research not be limited to the fuel edditives, but be ex-

panded to include such ideas as anti-adherent coatings and ice detec-

tors.

Objectives of This Study

The overall objective of the carburetor ice flight test was to
validate the effectiveness of EGME as an anti-carburetor-icing fuel
additive, The primary emphasis was to bs on its effectiveness at
the normal concentration of 0.15%.

Secondaery objectives 1nc1uded eetnbliahing the environmental
conditions over which the carburetor is likely to form ice and to

measure the rete of ice fornatinn.

Additionul objuctivea were to 1nelude dotormining the effective-

Jesa of v-riouo procodur-u for du-icing . clrhurotor and to estimste

the nnxluun lmnunt of 1c1nq thlt could bo sifely tnloratod.
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TEST EQUIPMENT

Aircraft Description

The airplane used for this test program was a Piper PA-23-150,
Apache (serial no. 23-130). The PA-23 is a twin-engine, low-wing
airplane equipped with two AVCO-Lycoming O-BéO-A air-cooled engines.
The test airplane was equipped for instrument flight and included an
altitude reporting transponder, two VOR/ILS receivers, snd an ADF
receiver in the radio/navigation package. Aircraft specificatiocns
from the airplane manual (7) are shown in Table I.

The test airplane vas equipped with two newly remanufactured
0-320-A3B engines. These engines were remanufactured to zero-time
tolerances by AVCO-Lycoming and had serial numbers RL-748-27B (left)
and RL-3107-27B (right). Overhauled hydraulic pumps, propeller gover-
nors, and propellers were also installed prior to the start of testing.

Engine instruments included tachometers, manifold pressure gauges,
inlet temperature gauges, and the normal oil pressure, temperature,
etc. instruments. The tachometers were calibrated by AVCO-Lycn&ing
at the time of engine installation, usinga reed-type vibration indi-
cator. The manifold pressure gauges were calibrated by checking the
indicated pressures against an FAA;certifiad'altimetor and cnnVarting
the indicated eltitudes to pressures uainq'n stendard atmosphere table.
All temperature probes, except the EGT, warn checked againat an ASTM
certified thermometer.

Prior to baginning the flying, ALCOR exhaust gas temperature (EGT)
analyzere were inatalled in each ongiho‘l exhaust oystcm to read the

EGY fhr anch cylindlr. At the same tino. Richtnr carhur-tor nir tompar-

i
TR N 4 T FTE
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Maximum Takeoff Weight
Empty Weicht

Useful Load

Wingspan

‘ Wing Area
} : Length

PR LR

Height
Propeller Diameter
Power Loading
' Wing Loading
. Fuel Capacity
Lo wheel Base
1 ; Wheel Tread
‘ Maximum Level Flight Speed
I Normal Cruise Speed
Stall Speed, Flaps Down
Sea Level Rate of Climb(buth eng)
Sea Level Rate of Climb(single eng)
! ] Service Ceiling
) Single Engine Absolute Ceiling
: Fuel Consumption, 75% Power
Fuel Consumption, 65% Powor

: Description Value

»

: Engines 2 Lycoming 0-320-A
Horsepower 150 hp at 2700 RPM

3500 lbs

2261 1lbs (Note &)
1239 lbs (Note a)
37 ft

204 ft2

27 ft 1 in

9 ft 6 in

76 in (nominal)
11.7 1bs/hp
17.2 lbs/ft?

72 gal (432 lbs)
7ft 3in

11 ft 3 in

157 knots

141 knots

51 knocs

1350 ft/min

240 ft/min
18000 ft

6750 't

18.8 gal/hr

16,3 gal/hr

Note a: Speecific value for Airplene S/N 23-130

TABLE 1

A

a : i SPECIFICATIONS FOR PA-23 AIRFLANE
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ature probes were installed in the carburetor venturis, '

Ihe fuel system of the PA-23 consists of two 36 gallon nylon and
neoprene fuel cells located outboard of the engine nacelles. Normally
each tank delivers fuel to the engine on the same side of the airplane.
With the exception of specific tests (described later), the normal
arrangement of right-tank-to-right-engine and left-tank-to-left-engine
vas followed throughout the program. Normal 80 octane aviation gaso-
line was used vhere available. 100 LL aviation gasoline was substi-
tuted when 80 octane was not available.

The seme fuel was used. in both tanks, except that efter the initial
testing, 0.15 percent by volume ethylene glycol monomethyl ether was
added to the left tank uaing aeroaol spfay cans. The EGME used was
Prist(R) manufactured by Huouston Chemicel Company. Periodically
during the testing, fuel from the right tank was used in the left
engine to confirm that it was still susceptible to carburetor icing,

On several occasions, fuel from the left tank was fed tu the right
engine to determine the de-icing capability of EGME.

Instrumentation

All data was hand-recorded. The fiight parameters of interest are
listed in lable II., Aside from the free air temperature and the wet
bulb thermometer readings, all test data were obtained from the air-
craft instrumenta. The temperature/dew point data was obtained from
a Fisher Scientific peychrometer which wes extended through the pilot's
clear view window. All data listed in this report will be expreased
in terms of calibrated data.

Test deta was recorded at fifteen minute intervals except where the
icing rates were occuring repidly. In thess cases, the deta wes recorded

gt shorter intorvals as necessary, On occesion, one minute intervale

were required,

okt g

.
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Additional Equipment

Periodically throughout the tests, fuel from the left tank (with

EGME added) was withdrawn and analyzed for EGME concentration using a

freeze point determination. The test consists of adding 10 ml) of

distilled wvater to 500 ml of fuel in a separatory funnel, mixing well,

and vithdrawing the water. The EGME in the fuel will migrate to the

vater and lower its freezing point by an amount proportional to the

concentration. The reductign of the freezing point is measured

with =0 ASTM certified thermometer. A calibration chart (8) provided

the .unversion to yield EGME concentration in the fuel sample.
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METHOD

Flight Profiles

Two flight profiles were used to obtain carburetor ice. A normal
profile was used for steady state icing at cruise and higher power
settings. A descent profile was used to obtain carburetor ice
during descents at reduced power, Early in the program, descent
power icing was attempted wuing one engine at normal power and one
at reduced power. However, the diffefences between the icing rates
as a function of the pover made interpretation difficult. As a result,
the descent profile was adopted. Although less precise, it does
shov differences between the two engines.

| Normal Profile. Once the altitude and geographical location had

been decided upon, the airplane was flown to the particular area (usually
this was a holding pattern near the Springfiéld. Ohio sirport), and the
desired flight conditions (Lhrottle, propoller, and mixture settings)
esteblished, The airplane was flown in these conditions until a power
loss rate could be measured or the abgence of ice confirmed before
changing either the test conditions or the geographical location.

Descent Profils, In order to obtain dota with near idle power, a -
descent to a nor&éi landing vas made from eppruximately three to four
thousand feet. Carburetor heat wes not used during this descent.
Following a normal landing, the aircraft wes taxied to the parking area

and a carburetor ice check made to ses how much ice had sccumulated.

Teat Prooaggéea

The typical test flight was conducted with a crew of two pilots
under instrument éliqht rules. The only'bxcbptionn to thie vere those
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flights made at altitudes helow the minimum IFR altitude, which vere
made under visual flight rules. These typically included a few

lov altitude (2000 or 2500 feet) steady state flights and several
flights where a series of VFR landings were made during the day as

the temperatures warmed up. Additionally, some date wvas obtained

on cross-country flights with one pilot sboard the airplane. ATC radar
coverage was used on all flights except those in the immediate traffic
area of an ajrport.

All flight procedures used vere “normnl"‘RA-ZB operating pro-
cedures (7), except as noted.

The carburetor heat function was tested during the engine run-up to
engure that heat wgs available. Following. this check, carburetor heat.
wvas only used in-flight or. after lending to test for ice formation (or
as a last resort for, safely of. flight),

Testp for Carburetor Ice Formation.. The accumulation of carburetor
ice formation wag mondtored by, recording the manifold pressure drop.
and the variations in, the mixture, (from.tha EGT distribution) as
functiong of . time. Once a power.loss. had. developed.to a. significent
dagree, carburetor, icp vaa verified by applying. Full heat for: a. suffi-~

clent timg to remgye the ice and nating, the,.increase. in. manifold pres-
sure follawing, its. remavals . The, amaunt. of. ice. vas neasured by the.
change in manifold, prpssure From.before. the, appliaetian of ewtite
the, manirold prassure. follawing, the, s amaval. of iheat.

On, oceasian,, the, engines. did nek, ahow.any, meseuratile loss. in poer; .
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wvers opened to fifteen inches of manifold pressure before conducting
this check for ice formation.

Operation of Engine Controis. In the normal profiles, following

arrival at the holding fix, the power was set to the menifould pressure
or throttle position desired. The engine speed was set to the minimum
value giving smooth aperation without the sound of laboring, subject
to the limitations in the AVCO-Lycoming manual (9).

Except for those tests where the mixture was to be operated at
full rich, the mixtures were leaned to the degree recommended by the
manufacturer. The mixture was leaned until the hottest cylinder reached
a peak or the reference temperature uscd in the ALCOR calibration (equi-
valont to 65% power). The hottest cylinder was usually number 3 for
the lefit ongine and either number 3 or 4 for the right engine. At some
lov power settings, the engires ran rough before reaching peak EGT. In
these cases, the leanest mixture giving smooth operstion was used.

During descents, the engines vere operated full rich.

Throttle motion was restrieted during normal profiles by tightening
the throttlé quadrant friction to the maximum value.

Environmental Data. The environmental conditions vere measured at

the beginning of the test immediately after the engines were set to

the desired power, Temperature and wet-bulb tcmperatures were monitored
throughout the flight and changes noted. A note was made if the flight
was made in clowds or in rein, In the case of descent profiles, the
reported temperaturee and dow pointayere based on ground data. IF

of ficial weather data was aveileble at the airport of landing, then
those values were used. If not, then.; wet end dry bulb temperature

reading was made following engine ahut down.
The dew point was caloulated using the tables and squutions of
Reference (10).

st L ST
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The initiml tests were made with no EGME added to either fuel
system. This was done to verify that both engines were equally
susceptible to carburetor ice formation. After approximately
thirty hours of testing, predominantly at 75% percent pawer*, no
differenco in engines could be detected. At this point, EGME vas
added to the fuel in the left fuel tank.

At intervals, the left ongine was operated from the right fuel
tank using the cross-feed. This was done to ensure that it (the
left engine) would still ice up when operated on normal aviation
gasoline., ‘

Also at intevvals, the treated Fuei was fed to the right engine
after carburetor ice had formed in an attempt to determine the de-icing
capability of EGME troated fuel. |

Fus) Additive Addition. The ethylenc glycol monamethyl etbher

vay supplied in werosol spray cens with an adapter to Fit over the
end of the refueling nozzle. The “GME was Priat(R) brand, manufan-
tured by Houston Chomical Company. Because the spray cens were designed
for the higher Flow rates of turbine refueling trucks, the Prist(R)
flow rate wag in exceas of that needed for avietion gasoline.
The cans were set to deliver 0.15% of EGME at a fuel Flow rate of
30 gpm. During the addition of EGME to aviation gasoline, o calcy-
lated spray rate of 2 seconds of spray per gallon of gasoline vas.
used to del;vur the opt;mqm concentration. This flow rata was begun
five to ten seconds after fusling was started end cnnéinuod until the
desire? amount of EGME had baaﬁ délivered.

Fuel Additive Anelysin. At 1ntar§ala throughout the toutihg,
ramplea of runl wore wlthdram from the lsft fuel tank, uaing the
tank drains. The EGME udncantutim was anu.‘l.yzod ueing the fraeze

*  The high power settings wers requirad to breek in the nwly remanu-
factured englnes according to AVCO-Lycoming recommendstions,
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point method (8). This involved draining a 500 ml sample of fuel

from the tank. Except for one analysis, the concentration agreed with
the predicted value within the experimental error of the analysis.
On one occasion, the concentration was much higher than expected.

One gallon of fuel was drained, then a second 500 ml sample was obtained.

This second sample analyzed as expected.
Based on a repeatability of the freeze points, the results of the
analysis are considered valid to plus or minus 2%%. Aside from the

one test rdescribed above, all analyses agried with the concentralion

calculated fFrom the Priat<R) flow rates and the amount of fuel delivered

vithin this error.

L

K |
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RESULTS

Prescntation of Data

The power loss rate was found by dividing the amount of pover re-
gained (following the applicatiun.of heat) by the exposure time, This
results in a rate of ice formation in terms of inches of manifold preusure
lost per hour. These rates are groubed into several classes of icing
severity. While these classes are arbitrary, they do serve to indicaste
the rate of ice formation.

To aid in interpreting these classifications, the expected time to
enyine faijure can be esti;ated from the rate of manifold pressure loss.
Approximately ten inches of manifold pressure loss can be expected to
cayse engine failure. This figure was found from the minimum tolerable
manifold pressure (fifteen inches) found in the early testing and from
the maximum available menifold pressure of twenty-five inches at low
cruise altitudes. Table IIl lists the severity classifications in terms
of menifold pressure rates und times to engine failure.

Puring descents, it was not possible to obtain rates, only the total
manifold pressure lost during the descent., This is caused by variations
in the amount of power used during the approach and the timec of the
approsches. These varied congsiderably, usuelly becouse of ATC constreints.
As @ rosult, the very rwgh clasaificetions of light, modorito, and heavy
will be used, based simply on the amount of manifold pressurs drop noted.
Dirsct comparisons betwesn stesdy stete md degcent clessifications should
be evaided. |

The offect of _altiﬁudo, thw@ti‘ﬁ-.bosiim. and pmr'.dbvnlqud are

TR T
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all interrelated in a normally aspirated engine such as the 0-320. Ffor

this reason, it is difficult to separate the effects of variations in

%1l of these perameters. The varinbie that appears to be the most sig-

nificant is the throttle butterfly angle or throttle position. There-

fore our data are grouped by throttle position rather than altitude or
b '
}
R

power developed. The data sre grouped by "High," "Medium," "Low," and

i "Descent" power. The throttle positions corresponding to these groups

are:

! _ High Power Throttle greater than 2 units.

Two units corresponds to & power \
N : of 73% al 3000 ft.
| i

: : Medium Power Throttle position of two units or less,
L but greeter than 1.5 units, A setting
, of 1.5 units corresponds to 60% power

N : at 3000 ft.

' . Low Power

o Throttle position of 1.5 units or less.
1 : '

The spproximete minimum throttle setting
used was 1.25 units.

|
Descent Powsr Power used in a normal descent to a l
landing (see dascent profile). The \

throttle was not held fixed, nor wure |

[

1

e ¥ N,

the sctual positions recorded.

The acale of units was such that a closad throttles wes zero unite end a
full throttle was 3.5 units.

-t The effects of mixture snd engine speed were ignured during most of L
R thw teating.

* 5 L.
Effect of EGME Addition ~~ Normel Crujee :

The results of the carbureter iocing testo ars summerized in Figures ;
. ; 2 through 4. Figure 2 shows the results for high cruise power, Figure 3 |
shows the results for medium power, and Fiwko 4 -hon ‘the. low'pm:- results. e
Esch figure shows the data for the aniNO ophrutod with 0.15% EGME uddqd ;.N;;m
to the fusl and the dntu for the unntrql, hnotnu upantoly. The. vast LT

- nnjurd&y of thﬂ ditl puuntl lla uut!|1¢QDd - hhn ‘rates Unra msssured on
: '_m m mma -mxtmw. o feat, ovary pomt n the EQME-added

i nht - m mﬁm mwmu

‘_«l.-t:'-".l
R A RO T Tl a0
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There are some points for the control case where no data was obtained
for the EGME added case. These points currespond to data taken with both
engines operating on straight gasoline or a reduced concentration of EGME.
Figure 2 hgs more of this uncorrelated date since many of the early flights
vere made without the addition of EGME and werc made at 75% power to break
in the nesv engines.

High Cruise Power. As can be seen in Figure 2, the likelihood of

encountering severe carburetor icing is quite small at high power settings
cven without EGML added. The worst deqree of icing encountered was “moder-
ate" for the control engine and "trace" for the test engine (with LCGME).

Medium Cruise Power, As the throttle is operated more and nore in

closed position, the likelihood of encounteriny carburetor ice is greatly
éﬁﬁancad. This is evident in Figure 3 from the greater extent of iciny

in terms of temperature and dew point. At the sume time, the maximum
aeverity of the icing is increased. For the non-tGME case, the worst

case of iciny was "severe." The maximum rate of icing found waa 38.6 inches
per hour. For the test case with EGME added to the fuel, the worst case

of icing was "moderate," with a rate of 8.2 inchea per hour.

Low Cruise Power. The limited amount of data did not show any sig-

nificant difference between the lov and medium power settings. As.
can be seen in Figure 4, the maximum severity wes still "severe" for
the control case, and "moderate" for the test case. The rates corresponding
to these worst cases were 38.0 and 9.2 inches per hour. There was an
indication that the region of severe icing was slightly more extensive
for the low powsr cese. ' ' '

" Oyersll Reduction in Rate. On the cverage, the rate of carburetor '
icing wvas much less with EGME addéd to the fuel. The rate of the pro- "' .
tectod engine was tvo percent of the rate for the unprotected engine

for the high cruise power cass. ‘At médili pover, the relative rats
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ices at a rate of 26% of the protected engine,

Effect of ECME Addition -- Descent Power

Figure 5 shows the results of the carburetor ice encounters during
approach and landing. Becauge of the non-steady-state character of the
profiles, the actual rates and environmental conditions are less exact
than the usteady-atate dala previously discussed. The woarst case of icing
for the cantrol fuel case was "severe." In this instance, the control
engine failed during an instrument approach and a single-enyine landing
vas made, The worst case of icing' for the EGMK-added enyine was "heavy,"
vith an actual power loss of l.é inches of manifold’pressure.

While the descent profile wus less exact in defining the environ-
mental conditions and in measuring the rates of ice formation, it did have

the not inconsiderable advantage of producing correlated data whereby each

4
[l ‘g

data point allowed a direct comparison of the test engine and the control
engine. On the average, the rate of icing was forty bércent witp EGME
of that without EGME. 7

The effect of EGME appeared to be somewhat more sensitive to the
specific environmental conditions during the descent profile. There were ®

certain regions in the temperature-dew point plot where the icing was
worge vith ECME added., This is shown in Figurs 6. '

As can be seen in Figure 6, there ia a region of the temperatupe-’
dev point plot around T=60F and DP=60F, where the EGME appears to increase
the icing during the descent. There is a region around a dew point of
10 to 15 F where this may also ba true. In both of these regions, the
limited data available shows an incresse in icing with EGME added to the

fuel. .There ie also a region negr 50 F where the icing rates are the usme.

Effect of EGME Addition ~- N t :
Three encounters with carburetor ice were made with the concentra-

tion of EGKE intentionally reduced to about two-thirds of the optimum
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value of D.15%. Twice the concentration was 0.12% and once it was 0.10%.

The data obtained with this substandard concentration has not been included
with the previsus data, but is listed in Table IV.

It should be mentioned that the while the rormal concentration of
EGML in the test fuel was 0.15% (volume percent), the actual concentration

varied from 0.13% to 0.17% because of crrors in mixing the additive fram

the aerosvul cans.

Cffect of EGMC Addition -- De-lcinyg Capability

On soveral occesicnu, after carburetor ice was allowed to form in

the carburctor of one of the engines, the fuel spply was switched from the

cvontrol (LGME-free) fuel to the fuel containing EGME. Table V shows the

results of this procedure. It would appear that EGME in the fuel cen be

used s 8 de-icer as well as an anti-icing edditive. It is not clear,

Lawever, exactly hew this would be managed in practice.

Cumparison of the Icing Characteristics of the Two Engines

Ono question that arises when two enginss are used, one for a con-
trol and one for a test engine, is "How do they compare under identical
contral conditions?" Since the early part of the test flying was per-
formed under identical conditions (using straightaviation gasoline in

both engines), chiefly to refine the test procedures and to break 'in the

newly remanufactured engines, this comparison was obtained. In addition,

"several times during the testing, the left engine was operated from the

right tenk using crossfeed, and carburetor ice data was obtained.
A nomparison of the encounters with both engines aperating on stock

fuel shows than the average rate of icing for the left engine was 1.87

times that of the right engine. The correlation betwsen the two rates

vas 0.99, Thus, if anything, the engine used to test the EGME was slightly

more prone to carburetor ice than wee the cuntrol engine.
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tlight Conditions Carburetor [ Monifold Pressure Engine

Temp. | D. P. | Pover Icing Rate [Lust Regained | '3

63 F 54 F Med tum 7.6 in/hr 1.9 in | 1.8 in Left
{Moderate)

63 F 54 F Medium 4,0 in/hr 1.0 in | 1.0 in Right
(Light)

%8 F 51 F Med ium 34.8 in/hr 2.9 in 1.9 in Left
(Severe)

97 F 52 ¢ Low 12.0 in/hr 2.3 1in 12,3 in Left
(Heavy)

54 F 54 F Low- - 21.6 in/hr 1.8 in 1.8 in Right
(Severe)

TABLE V

USE OF EGME AS A DE-ICER
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Comparison of Other Operating Variables

Several other aoperating parameters, while not listed in the objec-
tives of the program, still warrant mentioning.

Altitude. There was a correlation of carburetor ice formation with
altitude. Very little ice was encountered sbove six thousand feet., This
is almost certainly the effect of the wide open throuttle ssttings necesg-
sary to maintain powver at the reduced air densities.

Mixture. Five carburetor ice encounters were made with both engines
operating on stock yasoline, but with one engine leaned and the aother
onriched. As discussed earlier, the early NACA vork by Coles (3) and
the reports by Diblin (6) do not agree on the effect of mixture. While
the sample size is too small to justify any statistical test, the enyine
operated with & rich mixture had an icing rate approximately thirty-nine

percent yreater than the enyine operated with a lean mixture.

Throttle Motior., On one occasion, after carburetor ice had formed
in the right ergine and pover had decreased several inches, the throttle
was closed and reooened to the same index. The engine recovered almost
all of its "lost" power with this motion. Probably the movement of the
throttle broke off the ice that had formed.

Carburetor Air Temperature Gauges. The carburetor air temperature

gauges did not appear to be especially valuable in determining if the
conditions were right within the carburetor for the formation of carbu-
retor ice. For the most part, the temperatures were in the range of
~4 to +4 degrees C and seemed to be more a function of throttle position
than of outside air temperature. Several times, carburetor ice formed
wvith indiceted temperatures well outeide the yellow band of -10 tu +5
degrees C.

Exhayet Gas Tomperature Guigee. The EGT variations did peint out
changes in the mixture es c'u:bu;nt'or i‘da f‘orﬁd. Quite often this hap-

paned st icing rates too slov to datsot essily with the menifold
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pressure gauge. However, the minute to minute variations of the EGT

and the difficulty in recording the many temperatures necessary to

get a trend would seem ko rule out the EGT as a tool for carburetor

ice detection.

Variations within the Atmosphere. Most of the data was collected

while flying within 8 very small portion of the atmosphere. Neverthe-
less we did note that there were temperature, dew point, and icing

rate variations on a fairly small scele. Based on subjective obser-
vations, we do not fecl that the average pilot would remain very long
in conditions conducive to carburetor ice without flying out of these
conditions., (The obvious exception would be instrument rated pilots.)
Tha conditions favorable for carburetor ice are more common than are
commonly belisved by pilots; however, few of them are exposed for a
significant length of time at any one exposure. Thus, they may well
miss detecting the loss in pover,

Several times, data was lost during flight becuuse the airplane
flev into conditions in which the ice was lost. This was noted by a
slov drop in pawer, but before the ice detection could be confirmed by
applying carburetor heat, the engine spontaneocusly regained its power.
Almost assuredly, these drops and regainings of power were caused by
carburetor icej nevertheless, they could not be confirmed as such. These

conditions were noted as "trace" if nc edditional data could be obtained

on, that fiight.
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DISCUSSION

Several areas warrant further discussion. These areas are the gen-
eral topic of EGME's effectiveness, the tecthiques Ffor obtaining and de-
tectiny carburetor ice, and some unresolved points concerning EGME and
varburetor ice.

Effectiveneas of EGME

Bused on the results of the testing, the use of EGME appears to be

very attractive considering its effectiveness during the cruise portion

of flight. While it does not totally eliminate the formation of carburetor

ice, it does grvatly reduce both the maximum intensity and the extent of
the vonditions in which carburetor ice will form. In cruise conditions,
the use of EGME appears to completely eliminate both heavy and severe
carburetor ice.

If we pat this in other terms, the predicted time to engine failure
from carburetor ice (with EGME added) is of the order of two hours. The
typical VFR pilot will not be likely to he flying in conditions conducive
to carburetor ice for longer periods. Therefore, we consider it highly
likely that EGME would prevent UFR cerburetor ice accidents during the
cruise or higher power portions of flight. This would not be us true
for the IFR pilot, who might well spend two hours in the more intense

regions of the temperature-dew point plot.

The effectiveness of EGME nppeara to become leas at the lower power
gettings (more reatrictad throttle opqhinga) At high power, the EGME
protected engine had on nvarngo 1c1hq ‘rate of 2X of the uhprotected’ en-
glhe. As the throttls was aperated more i Wore in the closed position,
this:rhti ihdrélhed relative to the unbiétdegid engine. ' While it never’

did rouCh’tho'uvctugb'nf.tﬁo,unprﬁticgod.inhinq, the effectiveness of

P
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EGME at idle or near idle power is not as clear. In particular, it
vould seem that conditions close to 40 F and near saturat ion generate ice
equally with or without EGME (at descent power). More interesting (and
more critical) is the observation that some conditions actually may pro-
mote ice formation with EGME added to the fuel. These conditions are
60 F and near satuyration or temperatures of the order of 20 to 40 F
and dev points of 10 to 15 F, Nevertheless, on the whole, the addition
of EGME does seem to have an overall beneficial effect on the prevention
of ice during the descent, but not as great as duriny cruise.

Figures 7 and B show the overall summary of the flight test data
fairing in the regions of light, moderate, and heavy icing both with and
without EGME added to the fuel.,

Carburctar Ice lechniques

Basod on a now considerable experience in flying engines in conditions
that generate carburetor ice, several comments regarding pilot techniques
can be of fered.

Ice Dotoction. The best available instrument to detect carburetor
ice appears to be the airspeed indicator. IFf the airplane iu flown so us
to maintein a constant altitude, then the most sensitive instrument and
the one most in the pilot's field of view is the airspeed indicator. Many
timea during the testing, a considerable emount of airepsed wee lost (ten
to twenty knots) before more then one inch of manifold pressure drop.wns
noticed.

The second best inatrumunt would pe a mnqifold_prasaure gauge. Gggntod
that neither the airepeec nor the menifold pressure gauge measyres ice forma-
tion, either wall serve to shov hhnﬁhow.r lost by the anginl(a),

Ihn cnthu;atnntuir togpor-tqru gauga d;d not . appesr to be sensi-
tive. mouqh tn ;hm quﬂm),q”vmuumn within the carbyretor, nor did

it nncurotomy uhqw {;unzing pqhd&tiono. A nuva pilot uight lctunlly be
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FIGURE 7

CARBURETOR ICE: CRULSE POMWER
SUMMARY OF FLIGHT TEST RESULTS
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FIGURE 8

CARBURETOR ICE: DESCENT POMWER

SUMMARY OF FLIGHT TEST RESULTS
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lulled into complacency by temperatures in the green as ice was forming
vithin the carburetor. The mixture analyzer (multiple EGT) did show
variation in the iixture as ice was forming; however the complexity of
Juch a device would tend to rule it out as an ice detector. It dres
have veveral other usaeu, bowever.

In the absence of a proven carburetor ice detector, the mupifold
pressurte gauge (or the airspeed) would be the preferred carburetor ice
detector, with the multiple EGT a distant second.

Recovery from Cafburetor__gg. Quite often, after a considerable
amount of carburetor ice had Formed, the amount of heat was not enough
to rapidly melt the ice for a few secnnds. Several times these fev gec-
onds developed into two or three minutes. This was clearly the result
of insu¥ficient power available to generate the heat necessary to warm
the incoming air, The solution tv this problem is two-fold. Opening
the throttle while applying heat may make the difference butween a slow
or non-existent recovery and a fast recovery beceuse of the additional
pover and hwat available. Throttle movement mey also break off the ice
that has formed.

A second solution is to keep the engine parts warm by periodically
"elearing the engine" by brief additione of power. Both the incresased
heat through the carburetor heater and the throttle movement will pre-
vent a significent accumulation of ice and will also keep thw metal
parts hotter.

Addition of EGME "By the Can." The EGME in this study was added’
during aircraft refusling using an serosol can. Whilé only one analynis
was seriously out of tolersnce, the concentrstion did vary from tankful
to tahkfu.l'. It vould sesm rssoonable to cxp.ct ‘that typical general
av.lation puota and’ Yina pirnomol Uould not bn an. caruful in the addition
of tho additiv. (1t nquirnd tho un or a utopntch md a poclmt ‘calcula-
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{
tor tn monitor the concertration). Very likely, iF Prist(R) or similar ‘ ?
cans are used widely in general aviation piston fuel, then some over-con-
centrations will result., It is not clear what the effects of these high
concentrations will be on engines or fuel systems. Therefore, we can -

|
not support the use of EGME additior into the tank directly by the pilot :

or line personnel on a wide basin, If aerosol upray cens with flow rates . \

. |
approprinte for yasoline delivery are available, we may modify this state- H
ment .

Unresolved Points in the Testing . d
|

Three uspecty remain unresolved in the flight testing of EGME as on

anti-icing udditive, These are: the overall descent data is incomplotn,

t' e eoffect of non-optimum concentrations uhould be looked at, and the long 1

term effects of LGME have nol yet been examined. %
Descent Duta., The descent data (Figures 5 and 6) has raised some

questions concerning ths effectiveness of EGME in the regions near 60 F

and near saturation und at low dew points (10 to 15 F). Part of this problem

is the imprecise nature of the deascent profile. The descent profile was

not an originul part of the flight test p)an, but was edded part way through

the proyram to obtain valid descent data. Because of its imprecise nature ?

(environmental data cannot be meintained, nor caen steady-state profiles
be #lown), rore data samples ure required to draw conclusions than for
the ateudy state cruise conditiona, ot
The descent profile as flown in these teets was somewhat varied by
ATC constraints. Because of the low priority of this deta, no effort was
made to coordinate end fly consistent profiles. Therefore, any follaw-

on testing should emphaeize the newed for repuatable descent profiles. This

testing will alvava be less precies thun cruise testing, howsver.

No explenation cen be edvanceu for the apparent incressed tendency

of nng}mq operated with ELME to ice up at conditiona approwching T:60F,
The Jow taqner-tux_'o enharcemnt of carburetor icing cen be explained

hy the lowering of the frewzing point of water by EGME. If the freezing
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point of the condensing water in the carburetor is lowered to about 15 F,
then we might expect the carburetor icing to be worse as the dew point
approaches that value. The non-EGME engine will have ice crystals con-
densing out of the air -~ toa cold to freeze to the carburetor structure.
The engine operating with EGME-Lreated fuel will have ice/water condensing.
While this explanstion is more of a rationalization, nevertheless the prob-
lem should be examined more carefully before mandating the addition of

EGME to aviation gasoline.

Non-Optimum Concentration of EGME. It has been reported that the actual

concentration of EGME in turbine fuel may be reduced to one~third the value
at the refinery because of leeching out by ambient molsture (})1). If this
is true, then additional data should be taken with the EGME concentration
reduced to this value. The preliminary data teken with about two-thirds
the optimum concentration indicates that this level of LGME will still bo
effective during cruise. The chaice of two-thirds of the nominal concen-
tration was dictated by circumstances. Following flights with nominal
concentrations, the EGME was diluted by topping of f with additional fuel

and no EGME. The resultant concentrations were as shown in Table IV.

Lang Term Effecls of EGME. Two areas of concern with the long term
use of KGME are the loss in concentration es the fuel is stored in.an air-
craft gas tank and the effect of contanued use of EGME in the fusl for
extonded pericds of time, both service time and calendar time.

Many general aviation airplanes gpend a great deual of time parked,
not flying. In particular, many do not fly at all during the winter months.
A serious question is "“what happens to the EGME in such a cese?" Doos the
concentration remain high enough to be effsctive upon leuaving storage?
Does the stored fuasl react with the fuel tenks in any fashion?

A esscond, more serious question concerns the affect of any fuel additive

or change to an engine oparated over & long period of time. Will the eddi-

tion of EGME have any deleterious effect on the engine for e poriod of tims
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]
approaching tke overhaul life. In view of the problems of operating
ll ' engines on low-lead 100 octane gasoline, which only appeared after several
[‘ hundred hours of operation, this question cannot be passed over lightly,
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CONCLUSIONS

The addition of ethylene glycol monomethyl ether (ECME) to aviation
gasoline greatly reduces the formation of carburetor ice during cruise
pover conditions, Both the extent of conditions producing ice and the
maximum severity of the ice formation are reduced. This ig more pro-
nounced at the higher power settings. The use of [GME should prevent
virtually all cruise or climb carburetor ice accidents for VFR pilots.
Since over sixty percent of carburetor ice accidents occur during these
phases of flight, this would be no small benefit.

There do appear to be certain environmental conditions which make
the use of FGME less favorable during descents. Certain dew point/temper-
ature combinations produced more ice with EGME-treated fuel than with
stock aviation gasoline. These conditions should be examined further
hefore drawing any conclusions regarding the effectiveness of EGME in
preventing carburetor ice during descent conditions.

The use of serosol spray cans (with flow rates designed for turbine
airplanes) is not a satisfactory moens of adding EGME to the fuel of general
aviation piston powered airplanes., While it is suitable for limited testing,
variagtions in the concentrations and the need to carefully monitor the
addition with a stopwatch and to analyze the gasoline periodically make
this technique impractical for most operators,

Carburetor air temperature gauges do not eppear to be a reiiable means

of monitoring the carburetor for conditions conducive to carburetor ice

formation.

ok ma ms i e maRn
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RECOMMENDATIONS

1. Subject to satisfactory results from the tests described in
rocommendations 2 and 3, the addition of ethylene glycol monomethyl
ether (EGME) to aviaticn gasoline is recommended.

2. The effectiveness of EGME in preventing carburetor ice during
descent power Flight shauld be more tharoughly investigated in those
environmental conditions where the data to date indicetes a pousible
increagse in icing with ECME-~treated fuel.

3. The long term effect of EGME on aircraft and engine systoms
should by examined over a pericd of operations approaching the overheul
cycle,

4, The effectiveness of EGME at one~third the nominal concentra-
tion sﬁould be investigatsd during cruise power flight and during descents.

S, The storage of EGME-treated fuel should be examined with partic-
ular regard to long term storage in aircraft fuel tanks.

6. The effectiveness of caommercially available carburetor ice detec-

tors in providing adequate pilot warning of ice formation should be examined.

This testing could be conducted in parallel with the tests in recommendations
2 and 4 sbove,
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TABLE A-5

CONDITIONS _ | LEFT ENGINE ]
T _DP__WX ELEV| JEGME CIT _ MPL
9 0 1050 0.15 -- nil -
19 19 840 0.15 -~ nil -
20 4 1050 0.14 -- 0.8 -
25 19 1050 0.16 -- nil -
28 16 1210 0.16 ~=- nil -
19 16 1050 0.15 - 1.0 -
39 38 1050 0.14 - 0.4 -—
40 30 1050 0.le6 -~ 0.6 -
40 34 1050 0.15% -— 0.4 -
41 39 It 1010 0.15 -- nil -
4) 4} R- 280 0.1% -= nil -
42 29 1050 0.l6 --  nil -
42 42 1050 0.14 -~ nil -
43 18 200 0.15 - nil -—
43 29 1050 0.12 -- 0.8 -
43 36 10%0 0.1% -=- 0.1 -
45 14 10%0 0.l4 «= nil -
4 30 80 0.14 -~ nil -
46 4l R- 490 0.1% ~= nil -
46 42 10%0 0.1 -« 0.1 -
49 45 1050 0.15% - 0.4 -
50 36 1050 0.1lé - 0.2 -
51 2 1040 0.14 -- 0.6 -
51 44 1050 | 0.15 E:ig 0.2) o
52 1Y 1050 0.12 -~ 0.8 -~
52 33 1050 0.14 -- 0.4 —
54 44 1050 0.15 - 0,2 -
55 54 1050 0.14 -~ 0.4 -
57 52 1050 0.15 -- nil -
50 %8 1050 pD.le -~ 0.2 -
59 59 1050 0.1“ Lo 0-6 - -
60 5) 1050 0.16 - 0,9 v
62 45 1650 0.08 - 1.1 -
63 59 1050 0.15 - 1.4 -
64 45 1050 0.15 -~ nil -
64 52 1050 0.15 - 0.9 -
64 57 20 0.15 -~ nil o
65 4B 1050 0.14 «- nil -
68 64 R+ 150 0.14 -~ 0.2 -
70 %9 1050 0.15 - 07 -
M0 65 20 zere  -- (*) -
70 57 1050 0.6 -~ nil -
75 57 0 0.12 =-- nil we
(+8 0.3]| +10
77 58 1050 0.15 (+10 0.5 +10
(+10 1.1} +i0
79 50 1050 0.15 -~ 0.2 -
80 58 1050 0.15 +10 0,5 +10
82 58 1050 0.15 49 n;l +8
82 N 1050 0.1%5 -- 'nil -
| {(#]__Lrst Power hest |

FLIGHT TEST DATA '

IDLE POMER "

11, Descent Date
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Symbol

T
opP
WX

ALT
%EGME

TP
CI7

AEGT

MPL

RATE
ELEV

-A?—

Units

deg F
deg F

ft
volume %

arbitrary
deg C

deg F

in Hg

in Hg/hr
ft

Definition

Free Air Temperature
Dev Point

C = Clouds} R = Rain;
R- = Light Rain;
R+ = Heavy Rain

Pressure altitude

Volume percent of EGME
in left engine's fuel

Throttle position

Carburetor mixture temperature
(Carburetor Throat Tempersture)

Difference in EGT valuea during
carburetor ice tests.

AEGT , is the change in the peak
cyliR8er. AEGT o 18 the largest
change in EGT of eny of the cylinders,

Manifold Preassure Lost during
ice formation

Rats of manifold pressure drop

Airport Elevation

FLIGHT TEST DATA
Symbols und Definitions




